Cardiovascular remodelling in the conditioned athlete is frequently associated with physiological ECG changes. Abnormalities, however, may be detected which represent expression of an underlying heart disease that puts the athlete at risk of arrhythmic cardiac arrest during sports. It is mandatory that ECG changes resulting from intensive physical training are distinguished from abnormalities which reflect a potential cardiac pathology. The present article represents the consensus statement of an international panel of cardiologists and sports medical physicians with expertise in the fields of electrocardiography, imaging, inherited cardiovascular disease, cardiovascular pathology, and management of young competitive athletes. The document provides cardiologists and sports medical physicians with a modern approach to correct interpretation of 12-lead ECG in the athlete and emerging understanding of incomplete penetrance of inherited cardiovascular disease. When the ECG of an athlete is examined, the main objective is to distinguish between physiological patterns that should cause no alarm and those that require action and/or additional testing to exclude (or confirm) the suspicion of an underlying cardiovascular condition carrying the risk of sudden death during sports. The aim of the present position paper is to provide a framework for this distinction. For every ECG abnormality, the document focuses on the ensuing clinical work-up required for differential diagnosis and clinical assessment. When appropriate the referral options for risk stratification and cardiovascular management of the athlete are briefly addressed.
Introduction
Regular sports participation is encouraged by the medical community as part of cardiovascular prevention measures, because it improves fitness and reduces cardiovascular morbidity and mortality worldwide. 1, 2 A large proportion of the young population participates in competitive or recreational sports activity. The 12-lead electrocardiogram (ECG) is an established tool in the evaluation of athletes, providing important diagnostic and prognostic information on a variety of cardiovascular diseases which are associated with an increased risk of sudden cardiac death (SCD) during sports. Physicians are frequently asked to interpret an ECG in the setting of cardiovascular evaluation of athletes. Standard criteria for defining the limits of normal (or variation of normal) ECG in the athlete remain to be determined. The interpretation of the athlete's ECG is often left to personal experience and usually made according to traditional ECG criteria used in the general (non-athletic) population. Electrocardiogram changes in athletes are common and usually reflect structural and electrical remodelling of the heart as an adaptation to regular physical training (athlete's heart). 3 -10 However, abnormalities of athlete's ECG may be an expression of an underlying heart disease which carries a risk of SCD during sport. 11 -13 It is important that ECG abnormalities resulting from intensive physical training and those potentially associated with an increased cardiovascular risk are correctly distinguished. 14 -17 Errors in differentiating between physiological and pathological ECG abnormalities may have serious consequences. Athletes may undergo expensive diagnostic work-up or may be unnecessarily disqualified from competition for changes that fall within the normal range for athletes. This is of particular relevance for professional athletes in whom disqualification from competitive sports has significant financial and psychological consequences. Alternatively, signs of potentially lethal cardiovascular disorders may be misinterpreted as normal variants of an athlete's ECG. A correct evaluation of 12-lead ECG patterns in the athlete and appropriate subsequent action has the potential to increase efficacy, accuracy, and cost-effectiveness of athlete's cardiovascular evaluation. 17 -21 Some consider that physiological ECG changes overlap significantly with ECG abnormalities seen in the cardiovascular diseases which cause SCD in the young. 14 -16 The ECG has therefore been considered a non-specific and non-cost-effective tool for cardiovascular evaluation of athletes because of a presumed high level of false-positive results. This concept was based on few studies of small and selected series of highly trained athletes from a limited number of sports disciplines. The 25-year Italian experience with universal pre-participation screening has offered the unique opportunity to investigate ECG changes in large cohorts of athletes, engaged in a broad variety of sports activities with different and well-characterized levels of training and fitness. 22 -25 The currently available data allow an accurate redefinition of the spectrum of athlete's ECG patterns and raise the need for a revision of accuracy, utility, and cost-benefit analysis of the use of ECG in the cardiovascular evaluation of the athlete. In addition, there is growing experience of early and incomplete disease expression of the inherited cardiomyopathies and arrhythmias which usually have ECG changes as their initial presentation. 26, 27 The present document is endorsed by the Sections of Sports Cardiology and Exercise Physiology of the European Association of Cardiovascular Prevention and Rehabilitation and by the Working Group on Myocardial and Pericardial diseases of the European Society of Cardiology and represents the position statement of an international panel of cardiologists and sports medical doctors with expertise in the field of cardiovascular evaluation of young competitive athletes. The article provides a modern approach to interpretation of 12-lead ECG in the athlete based on recently published new findings. The target audience are primarily sports medical doctors, sports cardiologists, and team physicians. The main objective is to differentiate between physiological adaptive ECG changes and pathological ECG abnormalities, with the aim to prevent adaptive changes in the athlete being erroneously attributed to heart disease, or signs of life-threatening cardiovascular conditions being dismissed as normal variants of athlete's heart. Because only pathological ECG abnormalities cause alarm and require action with additional testing to exclude (or confirm) the suspect of a lethal cardiovascular disorder, appropriate interpretation of an athlete's ECG also results in a considerable cost savings in the context of a population-based preparticipation screening program. 17 The document provides guided clinical evaluation of the athletes with ECG abnormalities. For every ECG abnormality, the document focuses on the recommended clinical work-up for differential diagnosis and clinical assessment. When indicated the referral options for risk stratification and cardiovascular management are briefly addressed, although for more detailed and elaborated recommendations concerning eligibility for sports participation we refer to other specific guidelines. 28 -32 The document is also aimed to update general cardiologists and sports medical physicians with the clinically relevant information which can be obtained from ECG in the athlete.
Physiological vs. potentially malignant electrocardiogram changes
The athlete's ECG changes are divided into two groups: common and training-related (Group 1) or uncommon and training-unrelated (Group 2). This classification is based on prevalence, relation to exercise training, association with an increased cardiovascular risk, and need for further clinical investigation to confirm (or exclude) an underlying cardiovascular disease ( Table 1) . Trained athletes commonly (up to 80%) show ECG changes such as sinus bradycardia, first-degree atrioventricular (AV) block, and early repolarization, which result from physiological adaptation of the cardiac autonomic nervous system to athletic conditioning, e.g. increased vagal tone and/or withdrawal of sympathetic activity. The ECGs of trained athletes often exhibit pure voltage criteria (i.e. based only on QRS amplitude measurements) for left ventricular (LV) hypertrophy that reflect the physiological LV remodelling with increased LV wall thickness and chamber size. 7 -9,14 -17,24,25,33 These physiological ECG changes should be clearly separated from uncommon (,5%) and training-unrelated ECG patterns such as ST-T repolarization abnormalities, pathological Q-waves, left-axis deviation, intraventricular conduction defects, ventricular pre-excitation, long and short QT interval and Brugada-like repolarization changes which may be the expression of underlying cardiovascular disorders, notably inherited cardiomyopathies or ion-channel diseases which may predispose to SCD. 14 -17 This classification of ECG abnormalities has potential favourable effects on the athlete's cardiovascular management including clinical diagnosis, risk stratification, and cost savings. Common ECG changes due to cardiac adaptation to physical exertion (Group 1) should not cause alarm and the athlete should be allowed to participate in competitive sports without additional evaluation. Hence, in the absence of positive family history, symptoms or abnormal physical findings further diagnostic work-up is only needed for the subset of athletes with uncommon and not sports-related ECG changes, which potentially reflect an underlying heart disease with an increased risk of SCD (Group 2).
Common and training-related electrocardiogram changes
The extent of cardiac morphological and electrical changes in trained athletes varies with the athlete's gender, race, level-of-fitness, and type of sport. 24,25,34 -37 Physiological ECG abnormalities are more prevalent and significant in male athletes and athletes of African/Caribbean descent, in whom genetic/ ethnic predisposing factors account for a more prominent cardiovascular remodelling, either structural or neuroautonomic, in response to physical training and competition. 24, 34, 35 In this regard, genotype and different polymorphisms of the angiotensinconverting enzyme or angiotensinogen genes have been reported to result in different phenotypic expression in athletes' hearts. 36, 37 Unlike male athletes who most commonly show abnormal ECG patterns, female athletes usually have normal or virtually normal ECGs. 24 The higher prevalence of normal ECG patterns in female athletes is likely due to several factors, including the mild morphological LV changes induced by training in women and their lower participation rates in certain disciplines (such as rowing/canoeing) that have a substantial impact on ECG pattern. 24 Black athletes have more prevalent and pronounced ECG changes, including voltage criteria for LV hypertrophy and early repolarization changes which reflect the race-related greater magnitude of LV hypertrophy and/or increased vagal sensitivity. 34 Level and duration of training or competition, aerobic capacity and type of sports activity play a significant role as well. Participation in sports that require high endurance, such as cycling, cross-country skiing, and rowing/canoeing has been shown to be significantly associated with a higher rate and greater extent of physiological ECG changes such as sinus bradycardia and increase of QRS voltages compared with participation in sports that require more strength and speed and relatively less endurance. 24 This seems to be related to the large cardiac output acquired during endurance training, resulting in considerable cardiac remodelling including increase in LV cardiac dimension and wall thickness. 38 As a corollary, to be considered as a physiological expression of the athlete's heart, ECG changes such as sinus bradycardia, early repolarization pattern or increased QRS voltages should be consistent with the gender, age, and race as well as appropriate to the level of training and type of sports. Moreover, these ECG abnormalities should be interpreted in light of family background, personal history with review of symptoms, and physical examination of the athlete. In the presence of a positive family history, symptoms or abnormal physical findings, otherwise physiological ECG changes may become clinically relevant and require clinical work-up to exclude a pathological basis.
Sinus bradycardia/arrhythmia
Resting sinus bradycardia, as defined by a heart rate less than 60 b.p.m., is common in athletes, depending on the type of sport and the level of training/competition. 39 -41 Heart rate is generally lower in endurance sports such as long-distance running, and inversely correlate with the level-of-fitness of the individual athlete. Interpretation of 12-lead ECG in the athlete pacemaker cells are influenced by athletic conditioning independent of neural input. 42 Sinus arrhythmia is also reported with widely varying frequency, from 13 to 69%. 39 -41,43 
Recommendation
Bradycardia is the result of a physiological adaptive change of the autonomic nervous system and reflects the level of athletic conditioning. Only profound sinus bradycardia and/or marked sinus arrhythmia (heart rate less than 30 b.p.m. and/or pauses 3 s during wake hours) need to be distinguished from sinus node disease. Sino-atrial node dysfunction can be reasonably excluded by demonstrating that: (i) symptoms such as dizziness or syncope are absent; (ii) heart rate normalizes during exercise, sympathetic manoeuvres or drugs, with preservation of maximal heart rate, and (iii) bradycardia reverses with training reduction or discontinuation.
Atrioventricular block
First-degree AV block and Mobitz Type I (Wenkebach) seconddegree AV block are common in trained athletes, being present in 35 and 10% of athlete's ECGs, respectively. 43 -45 As with sinus bradycardia, AV conduction slowing and block are mediated by increased parasympathetic tone and/or decreased resting sympathetic tone. Second-degree Mobitz Type II and third-degree heart block are rare in the athlete and caution should be used in accepting these findings as normal adaptive changes to training.
30,43
Recommendation Resolution of (asymptomatic) first-or second-degree AV block with hyperventilation or exercise confirms its functional origin and excludes any pathological significance. In athletes with Type II second-degree (Mobitz Type II) and third-degree AV block, a careful diagnostic evaluation is mandatory and pacemaker implantation may be indicated.
Isolated increase of QRS voltages
Intensive athletic conditioning is associated with morphological cardiac changes, including increased cavity dimensions, wall thickness, and ventricular mass, which are reflected on the 12-lead ECG. 3 -6 Physiological LV hypertrophy in trained athletes usually manifests as an isolated increase of QRS amplitude, with normal QRS axis, normal atrial and ventricular activation patterns, and normal ST-segment T-wave repolarization. 14 LV hypertrophy differed with respect to the type of sports discipline and was more frequent in athletes engaged in endurance disciplines, such as cycling, cross-country skiing, and rowing/canoeing. Increased QRS voltage was also associated with male gender and increased cardiac dimensions and wall thickness. No athletes with isolated increase of QRS voltages had evidence of structural heart diseases including hypertrophic cardiomyopathy (HCM). Non-voltage ECG criteria for LV hypertrophy such as atrial enlargement, left-axis deviation, a 'strain' pattern of repolarization, and delayed intrinsicoid deflection (which are incorporated into the Romhilt-Estes point score system) are not usually seen in athletes. 24, 25, 33 These ECG abnormalities raise suspicion for underlying cardiac pathology e.g. HCM, aortic valve disease, hypertension. On the other hand, an isolated increase of QRS voltages (Sokolow-Lyon or Cornell criteria) is a very uncommon finding in HCM patients (see Non-voltage criteria for LV hypertrophy section).
Recommendation
Athletes who show pure QRS voltage criteria for LV hypertrophy on 12-lead ECG do not require systematic echocardiographic evaluation, unless they have relevant symptoms, a family history of cardiovascular diseases, and/or SCD or non-voltage ECG criteria suggesting pathological LV hypertrophy.
Incomplete right bundle branch block
The prevalence of incomplete right bundle branch block (RBBB) (QRS duration ,120 ms) has been estimated to range from 35 to 50% in athletes compared with less than 10% in young, healthy controls. 24,47,49 -52 The ECG pattern is more often noted in athletes engaged in endurance sports, with a striking male preponderance. It has been suggested that the right ventricular (RV) conduction delay is not within the specialized conduction system, but is caused by the enlarged RV cavity size/increased cardiac muscle mass and the resultant increased conduction time. 49 The RBBB morphology has been shown to be reversible with deconditioning.
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Recommendation Incomplete RBBB does not require further evaluation in the presence of a negative family/personal history and physical examination. Because incomplete RBBB is a typical ECG finding in patients with an 'ostium secundum' atrial septal defect, symptoms and a fixed split of the second heart sound on auscultation should be excluded. 'Typical' incomplete RBBB is uncommon in patients with arrhythmogenic RV cardiomyopathy (ARVC). 53 Arrhythmogenic RV cardiomyopathy should be suspected when the pattern of incomplete RBBB is associated with T-wave inversion extending beyond V2 to include leads V3 and V4 or in the presence of premature ventricular beats with a left bundle branch block (LBBB) morphology.
In some cases, incomplete RBBB should be differentiated from a Brugada-ECG which is characterized by a slow, positive deflection at the R-ST junction ('J-wave'), which is most evident in leads V1 and V2, with minimal or no reciprocal changes in other leads 54 ( Figure 1) . Unlike the R 0 -wave seen in RBBB, the J-wave seen in Brugada syndrome does not indicate delayed RV activation, but reflects early repolarization with J-point elevation and a high take-off ST-segment. The downsloping ST-segment is followed by a negative ('coved' type) or a positive ('saddle-back' type) T-wave. In typical RBBB, the R 0 -wave recorded in V1 and V2 is associated with a reciprocal S-wave in leads I and V6, and there is no ST-segment elevation in the right precordial leads. 55 Differential diagnosis may require a drug challenge with sodium channel blockers ( Figure 1 ).
Early repolarization
Early repolarization has traditionally been regarded as an idiopathic and benign ECG phenomenon, with an estimated prevalence in healthy young individuals of 1-2%, and a clear male preponderance. 56 -59 The early repolarization ECG pattern is the rule rather than the exception among highly trained athletes, in whom it is observed in 50 -80% of resting ECGs. ,60,61 The early repolarization ECG shows elevation of the QRS -ST junction (J-point) of at least 0.1 mV from baseline, associated with notching or slurring of the terminal QRS complex which may vary in location, morphology, and degree. 58, 59 These changes often are localized in precordial leads, with the greatest ST-segment elevation in mid-to-lateral leads (V3 -V4), but maximal ST-segment displacement may also be seen in lateral leads (V5, V6, I, and aVL), inferiorly (II, III, and aVF), or anteriorly (V2 -V3). 59, 61, 62 The most common morphological pattern seen in Caucasians is an elevated ST-segment with an upward concavity, ending in a positive ('peaked and tall') T-wave ( Figure 2A) . In athletes of AfricanCaribbean descent, however, the morphology is often different with an elevated ST-segment with an upward convexity, followed by a negative T-wave ( Figure 2B ) in V2-V4. This pattern, with the 'domed' morphology of the elevated ST-segment requires differentiation from the Brugada-ECG (see Brugada-like ECG abnormalities section).
61,62
The magnitude of ST-segment elevation is characteristically modulated by autonomic influences and heart rate changes which explain the dynamic nature of the ECG abnormalities with waxing and waning of the ST-segment and T-wave over time. 56 -59 Slowing of heart rate exaggerates ST-segment elevation, whereas sinus tachycardia occurring during exercise or after isoproterenol reduces and often eliminates early repolarization changes. Early repolarization in athletes reflects the development of a training-related hypervagotonia, and ECG abnormalities are a reversible phenomenon which reduces or disappears with deconditioning. Recently, isolated changes of early repolarization in inferior and/ or lateral leads with terminal QRS slurring has been reported in patients with idiopathic ventricular fibrillation. 63 The study was a retrospective analysis of a selected cohort with episodes of short coupled rapid/polymorphic ventricular tachycardia or ventricular fibrillation leading to syncope or cardiac arrest. The available data do not support the view that in the general population of asymptomatic young individuals or athletes this ECG pattern is predictive of an increased risk of malignant ventricular arrhythmias.
Recommendation
Early repolarization is a physiological and benign ECG pattern in the general population of young people and athletes and does not require further clinical evaluation. In athletes of African/Caribbean origin the presence of ST-segment elevation followed by T-wave inversion confined to leads V2-V4 is consistent with a physiological early repolarization ECG pattern ( Figure 3A) . Such adaptive ST-segment and T-wave repolarization changes characteristically normalize during exercise or adrenergic stimulation.
In trained athletes, right precordial ST-T changes of early repolarization show typical features which permit differentiation from Interpretation of 12-lead ECG in the athlete ARVC ( Figure 3B ) and Brugada syndrome ( Figure 1) . 61, 62, 64, 65 Rarely, athletes may require pharmacological testing with sodium channel blocking agents, electrophysiological study, or cardiac imaging to exclude or confirm underlying pathology and risk.
In athletes presenting with syncope or cardiac arrest, which remain unexplained after a detailed clinical work-up aimed to exclude cardiac causes and neuromediated mechanisms, the ECG pattern of early repolarization in inferior and/or lateral leads, particularly when associated with a prominent terminal QRS slurring, should raise the suspect of an underlying idiopathic ventricular fibrillation. 63 
Uncommon and training-unrelated electrocardiogram changes
Most cardiovascular conditions responsible for SCD in young competitive athletes are clinically silent and unlikely to be suspected or diagnosed on the basis of spontaneous symptoms.
11 -13 The 25-year Italian screening experience has demonstrated that 12-lead ECG has a substantial incremental value over and above history and physical examination for identifying asymptomatic athletes who have potentially lethal heart disorders. 17 -23,66 -69 Electrocardiogram-detectable cardiovascular diseases include cardiomyopathies, such as HCM, ARVC, and dilated cardiomyopathy; aortic valve stenosis; cardiac ion-channel diseases such as long-QT syndrome (LQTS), Brugada syndrome, short-QT syndrome (SQTS), and Lenègre disease; and Wolff-Parkinson-White (WPW) syndrome. On the basis of published series from the USA and Italy, these conditions account for approximately two-thirds of SCD in young competitive athletes. 26, 27 Electrocardiogram abnormalities associated with these cardiovascular diseases include repolarization abnormalities such as inverted T-waves and ST-segment depression, pathological Q-waves, conduction disease including left-axis deviation, ventricular pre-excitation, long-and short-QT interval, and Brugada-like repolarization changes ( Table 1) . Unlike the ECG changes characteristic of athlete's heart, such ECG abnormalities are relatively uncommon (,5%) and training-unrelated. Further diagnostic work-up is mandatory for those athletes who exhibit such ECG changes in order to confirm (or exclude) an underlying cardiovascular disease.
Non-voltage criteria for left ventricular hypertrophy
Electrocardiogram offers the potential to distinguish between pathological and physiological hypertrophy, given that ECG abnormalities of structural heart diseases manifesting with LV hypertrophy, such as cardiomyopathies, valve diseases, or hypertensive heart disease overlap only marginally with training-related ECG changes. HCM is the leading cause of SCD in apparently healthy competitive athletes age less than 35 years. This condition is often in the differential diagnosis with adaptive changes of athlete's heart. An isolated QRS voltage criterion for LV hypertrophy (Sokolow-Lyon or Cornell criteria) is a very unusual pattern (1.9%) in HCM patients in whom pathological LV hypertrophy is characteristically associated with one or more additional nonvoltage criteria such as left atrial enlargement, left-axis deviation, delayed intrinsicoid deflection, ST-segment and T-wave abnormalities, and pathological Q-waves (Figure 4 ).
-72
Recommendation Regardless of family and personal history, athletes with non-voltage criteria for LV hypertrophy require an echocardiographic evaluation in order to exclude underlying structural heart disease and pathological LV hypertrophy. 
ST-segment depression
Although ST-segment elevation due to early repolarization is a common finding in the basal ECG of trained athletes, resting ST-segment depression is rarely observed. 14 -16 In the literature, ST-segment depression is usually lumped together with T-wave inversion, making the real incidence of isolated ST-segment depression unknown.
14 Recommendation Demonstration of ST-segment depression on resting ECG, either isolated or associated with T-wave inversion, should prompt further investigations to exclude heart disease.
Right atrial enlargement and right ventricular hypertrophy
Electrocardiogram evidence of right atrial enlargement and/or RV hypertrophy are uncommon findings in athletes. Pelliccia et al.
24
reported a prevalence of 0.08% for right atrial enlargement and 0.6% for a right-axis deviation (.1108) among a large cohort of highly conditioned athletes. Sokolow-Lyon voltage criteria for RV hypertrophy (R2VIþS2V5.10.5 mm) were seen in one of 172 (0.6%) professional soccer players. 73 A higher prevalence of the Sokolow voltage criterion for RV hypertrophy was reported by Sharma et al. 33 among junior elite athletes (12%), although there was no a difference with controls (10%). Indeed, a significant proportion of athletes and non-athletes in this study were younger than 16 years, and in such age-group a voltage criterion for RV hypertrophy is more common.
Recommendation
Though uncommon, if present the ECG pattern of atrial enlargement and/or RV hypertrophy should not be interpreted as a manifestation of exercise-induced cardiac remodelling. The presence of either congenital or acquired heart diseases associated with an increased right atrial size and/or pathological RV dilatation/ hypertrophy should be excluded.
T-wave inversion
Recent studies on large athletic populations disproved the traditional idea that T-wave inversions are common and training-related ECG changes in the athlete. Pelliccia et al. 24 reported a 2.7% prevalence of T-wave inversion in 1005 highly trained athletes and 2.3% in a large population of 32 652 young amateur athletes. Moreover, Sharma et al. 33 reported that the prevalence of T-wave inversion is similar among elite athletes and sedentary controls (4.4 vs. 4.0%, respectively). The presence of T-wave inversion 2 mm in two or more adjacent leads in an athlete is a non-specific warning sign of a potential cardiovascular disease at risk of SCD during sports. T-wave inversion in inferior (II, III, aVF) and/or lateral (I, aVL, V5-V6) leads must raise the suspicion of ischaemic heart disease, cardiomyopathy, aortic valve disease, systemic hypertension, and LV non-compaction. 24, 67, 74 The post-pubertal persistence of T-wave inversion beyond V1 may reflect an underlying congenital heart disease leading to a RV volume or pressure overload state, ARVC, and uncommonly, an inherited ion-channel disease. Recent studies showed that T-wave inversion beyond V1 is seen in post-pubertal athletes less commonly than previously thought (,1.5%), but deserves special consideration because it may reflect underlying ARVC ( Figure 5 ).
75,76
T-wave inversion in young and apparently healthy athletes may represent the initial phenotypic expression of an underlying cardiomyopathy, prior to the development of morphological changes detectable on cardiac imaging. 77 Thus, failure to detect structural abnormalities on imaging does not exclude underlying heart muscle disease, as this may only become evident over time, but may nonetheless be associated with risk of sudden cardiac death.
74,77
Recommendation T-wave inversion 2 mm in two or more adjacent leads is rarely observed on the ECG of healthy athletes, whereas it is a common finding in patients with cardiomyopathy and other cardiac disease.
Inverted T-waves may represent the only sign of an inherited heart muscle disease even in the absence of any other features or before structural changes in the heart can be detected. Hence, the perspective that T-wave inversion is due to cardiovascular adaptation to physical exercise should only be accepted once inherited forms of cardiovascular disease have been definitively excluded by a comprehensive clinical work-up, including family evaluation, and mutation analysis when available/appropriate. In this regard, athletes with post-pubertal persistence of T-wave inversion beyond V1 require further clinical and echocardiographic evaluation to exclude an underlying cardiomyopathy such as ARVC or HCM. The recent observation that T-wave inversion may identify athletes at risk for subsequent development of structural heart disease, underscores the importance of continued clinical surveillance and follow-up by serial ECG and echocardiography evaluations of trained athletes with T-wave repolarization abnormalities, even in the absence of clinically demonstrable heart disease. 74 In healthy athletes of African/Caribbean origin, inverted T-waves, usually preceded by ST-segment elevation, are commonly observed in leads V2-V4 (up to 25% of cases) ( Figure 3A) and represent adaptive early repolarization changes which normalize during exercise or adrenergic stimulation. 35 On the contrary, T-wave inversion in inferior (L2, L3, aVF) and/or lateral leads (L1, aVL, V5, and V6) are uncommon even in black athletes and warrant further investigation for excluding an underlying heart disease. The significance of minor T-wave changes such as flat and/or minimally inverted (,2 mm) T-waves in two or more leads (mostly inferior and/or lateral) is unclear. These changes usually Figure 5 Twelve-lead ECG in an asymptomatic athlete with ARVC. The athlete was referred for further echocardiographic examination and cardiac magnetic resonance because of ECG abnormalities found at pre-participation evaluation which consisted of inverted T-waves in the inferior and anteroseptal leads and low QRS voltages in the peripheral leads.
Interpretation of 12-lead ECG in the athlete revert to normal with exercise and in this setting may be a benign phenomenon resulting from increased vagal tone. Like deep inverted T-waves, minor T-wave abnormalities are infrequently encountered in the athlete heart (,0.5%), 33 but are common in cardiomyopathy. This indicates that they may have a pathological basis and should be investigated and followed-up over time before they are definitively ascribed to physiological neuro-autonomic remodelling.
Intraventricular conduction abnormalities
Complete bundle branch block (QRS duration 120 ms), and hemiblocks are uncommon in athletes (,2% of athlete's ECGs) and represent a potential marker of serious underlying cardiovascular disease. 78 -81 The prevalence of complete RBBB and LBBB is low in the general population, particularly in the younger age groups, occurring in 0.6% of males and 0.3% of females, age less than 40 years. A comparable incidence of either complete LBBB or RBBB has been reported by Pelliccia et al. 24 in large athletic population of highly trained competitors (0.4%) and amateur athletes (1%). Bundle branch block may develop as a consequence of a primary degenerative lesion of the specialized conducting tissue or from a variety of cardiac pathologies, e.g. ischaemic and hypertensive heart disease, cardiomyopathies, myocarditis, channelopathies, cardiac tumours, sarcoidosis, Chagas' disease, and unoperated and operated congenital heart disease. 78 -81 Complete RBBB is uncommon in healthy individuals/athletes and may represent an idiopathic, isolated and clinically benign conduction interruption/ delay through the right bundle branch, whereas LBBB is very rare in otherwise healthy individuals. 82, 83 This latter conduction disturbance is a strong ECG marker of an underlying structural cardiovascular disorder and may occur as an early and isolated manifestation of ischaemic heart disease or cardiomyopathy, many years before structural changes in the LV can be detected. Intermittent, rate-dependent LBBB may occur as a precursor and, thus, have the same clinical and prognostic significance of stable LBBB. Left anterior hemiblock is more common in men and increases in frequency with advancing age. The estimated prevalence in the general population (age less than 40 years) is 0.5 -1.0%, a figure similar to that reported in the athletic population. 24, 81 Although isolated left anterior hemiblock is usually an incidental ECG finding in subjects without evidence of structural heart disease, the association with a variety of cardiovascular disorders has been reported. Isolated left posterior hemiblock is a very rare finding, being usually associated with RBBB. Combinations of bundle branch block and hemiblock reflect a more extensive involvement of the specialized conduction system and carry an increased risk of clinically significant AV block. 81 Recommendation Demonstration of complete bundle branch block and/or hemiblock in an athlete should lead to a cardiological work-up including exercise testing, 24 h ECG, and imaging for the evaluation of underlying pathological causes. An ECG should be obtained in the siblings of a young athlete with an ECG pattern of bifascicular block (i.e. LBBB, RBBB and left anterior hemiblock, or RBBB and left posterior hemiblock) to exclude a genetically determined progressive cardiac conduction disease (Lènegre disease). 84 Lènegre disease is an autosomal dominant condition that has been linked to mutations of the SCN5A gene which encodes for cardiac sodium ion channels. Clinical phenotype consists of various combinations of conduction defects or AV block which characteristically occur in young individuals.
Non-specific intraventricular conduction defects
A prolonged QRS (.110 ms) not satisfying the criteria for either LBBB or RBBB is referred to as non-specific intraventricular conduction disturbance. 85 Because the conduction delay occurs in the ventricular myocardium rather than in the specialized conduction system, this conduction defect is a particular indicator of a possible heart muscle disease and requires further cardiovascular investigation. For instance, localized prolongation of the QRS complex (.110 ms) in the right precorial leads (V1-V3), often associated with an 'epsilon wave' (i.e. a terminal notch in the QRS complex) and/or delayed S-wave upstroke, is an ECG marker for ARVC ( Figure 6 ).
Ventricular pre-excitation (WolffParkinson -White)
The prevalence of ventricular pre-excitation in the general population varies from 0.1 to 0.3% and is similar in athletes. 86 Most individuals with WPW pre-excitation syndrome remain asymptomatic throughout their lives. When symptoms do occur, they are usually secondary to reciprocating supraventricular tachycardia which causes disabling symptoms. The WPW patients, however, may also develop other arrhythmias such as atrial fibrillation, which could degenerate into ventricular fibrillation and SCD, as a result of rapid conduction over an AV accessory pathway with a shortanterograde refractory period. 87 The risk of SCD associated with ventricular pre-excitation is 0.15% per year in asymptomatic individuals and 0.25% per year in symptomatic patients. 88 -90 It has been estimated that one-third of patients with WPW syndrome may develop atrial fibrillation. Exercise has been reported to be associated with an increased risk of developing ventricular fibrillation. 84 Moreover, athletes may have an increased risk of AF even after they have ceased high-level sports competition. Therefore, sports activity may expose an athlete with ventricular pre-excitation to increased risk of SCD. 13, 30 Recent studies have indicated that WPW syndrome rarely is genetically determined. Pathogenetic mutations are located in the gene encoding for the regulatory g2-subunit (PRKAG2) of the AMP-activated protein kinase. 91 Familial WPW syndrome is inherited as an autosomal dominant tract with variable clinical expressivity. The clinical phenotype is characterized by the association between ventricular pre-excitation and progressive ventricular hypertrophy. Supraventricular tachyarrhythmias, progressive AV conduction disease and heart failure are common and there are reports of associated skeletal muscle involvement. 92 Clinical features, biochemical studies, and experimental animal model
support the notion that the PRKAG2-related familial WPW syndrome is a novel cardiac-specific glycogenosis syndrome.
Recommendation
The history should address the presence of symptoms (palpitation or syncope) and family background of pre-excitation, cardiomyopathy, or sudden death. Twenty-four hours ECG, exercise testing, and pharmacological testing with adenosine/verapamil may help in reaching definitive diagnosis and assessing the arrhythmic risk. Intermittent loss or sudden disappearance during exercise of the WPW pattern suggests a long anterograde refractory period of the accessory pathway to account for slow ventricular response during atrial fibrillation and thus low risk of sudden death. If latent pre-excitation is suspected, the typical WPW ECG features can be unmasked by simple bedside interventions, such as vagal manoeuvres and intravenous adenosine or verapamil, aimed to either slow or block the conduction over the AV-node. Less common variants of ventricular pre-excitation with nodoventricular or fasciculo-ventricular Mahaim fibres should be identified because of their different clinical manifestations and prognosis. Although a short-PR interval (0.12 s) without delta wave has been reported as a normal variant of athlete's ECG, 24 it needs a careful evaluation because may reflect either a ventricular preexcitation syndrome (Lown-Genong-Levine syndrome) or an underlying structural heart disease (such as HCM or Fabry's disease).
Athletes with a diagnosis of ventricular pre-excitation should be referred to a specialist for evaluation by electrophysiological study (either transesophageal or intracardiac) for the inducibility of AV re-entrant tachycardia and refractoriness of the accessory pathway (shortest pre-excited RR interval at rest and during exercise or adrenergic drug stimulation), which may influence eligibility to athletic competition, risk stratification, and therapy, including catheter ablation. Further investigations should include echocardiography to rule out an associated structural heart disease, such as Ebstein anomaly, HCM, or glycogen storage cardiomyopathy.
Long-QT interval
The duration of the QT interval (i.e. the interval between the beginning of the QRS complex and the end of the T-wave) changes with heart rate and it is usually corrected (QTc) by using Bazett's formula QTc ¼ QT/ p RR. 93, 94 The QT interval should be measured in L2, V3, or V5; the longest value (return to baseline) should be considered. The calculation of the QT interval in athletes has inherent limitations due to sinus arrhythmia, slightly widened QRS complexes and T-U complexes. Corrections for heart rates may be inaccurate at heart rates 40 and .120 b.p.m. QT interval is modulated by gender and therefore different cut-off values are used after puberty. A QTc interval is traditionally considered long in men when it is more than 440 ms and in women when it exceeds 460 ms, but some have suggested values up to and above 470 ms in male and 480 ms in female. 95 -97 In general, QT interval is longer in athletes than in non-athletic controls because of the lower resting heart rate associated with athletic training, while the QTc of the athletic group is within normal limits, though toward the upper limit. 14, 93, 94 Recording of QTc intervals beyond the normal cut-off values should raise the suspicion of either acquired or congenital long-QT syndrome (LQTS). 93, 94, 98, 99 The most frequent cause is the use of QT-prolonging drugs, which block the delayed rectifier IKr current. Other causes of acquired LQTS are bradycardia, metabolic changes, and electrolyte disorders, abnormalities which are associated with intense athletic activity. Long-QT syndrome is a genetically determined ion-channel disease that may cause lifethreatening ventricular arrhythmias such as torsades-de-pointes Figure 6 ECG recording of a patient with ARVC showing non-specific RV conduction defect, which is characterized by an increase of QRS duration (115 ms) in the right precordial leads, associated with an epsilon wave (arrow) in V1 (i.e. a low amplitude, low-frequency wave occurring after the end of the QRS) and a prolonged S-wave upstroke in V1 and V2 (arrowhead).
Interpretation of 12-lead ECG in the athlete and ventricular fibrillation. 99 The LQTS genes encode ion-channel subunits involved in the repolarization phase of the cardiac action potential. Approximately 90% of genotype positive patients have a mutation in three genes: KCNQ1 (LQT1), KCNH2 (LQT2), or SCN5A. Loss-of-function mutations of KCNQ1 (LQT1) and KCNH2 (LQT2) genes are associated with impaired function of cardiac potassium channels regulating outward K þ currents active during late ventricular repolarization. Gain-of-function mutations of SCN5A gene, instead, account for the rare and highly malignant LQT3 variant which is characterized by impaired function of cardiac Na þ channels with late persistent inward currents delaying ventricular repolarization. Different molecular mechanisms may explain differences seen in clinical manifestations and circumstances of arrhythmic events in patients with different genotypes. LQT1 patients are prone to syncope or cardiac arrest during physical exercise, mostly while swimming. LQT2 subjects are more susceptible during emotional stress and acoustic stimuli. LQT3 patients show a bradycardia-dependent QT prolongation and they usually experience SCD at rest (while sleeping). Molecular screening for gene mutations in patients with LQTS has important prognostic implications, because genotype is an independent predictor of clinical outcome. Although prolongation of the QT interval on basal 12-lead ECG is the most significant expression of LQTS, the accompanying ST-segment and T-wave changes may be of additional diagnostic value. T-wave abnormalities may correlate with specific genotypes: normal or broad-based T-waves are more often seen in LQT1, bifid T-waves in LQT2, and late-onset peaked/biphasic T-waves in LQT3. 100 
Recommendation
When an abnormally prolonged QTc interval is identified, potential transient causes of acquired QT prolongation should be carefully evaluated. Delayed repolarization secondary to a structural heart disease should be excluded by an echocardiogram.
It has been suggested that the demonstration of a QTc value of 500 ms, otherwise unexplained, is indicative of unequivocal LQTS, regardless of family history and symptoms.
Athletes with QTc intervals .440 ms (males)/460 (females) and ,500 ms represent a 'grey zone' which requires detailed assessment to achieve a definitive diagnosis. A careful family and personal history is important for the assessment of the genetic nature and the presence of relevant symptoms, such as syncopal episodes, which increase the probability of LQTS. 98 The accurate assessment of family history of LQTS should include cascade ECG screening and QTc interval measurement of family members. Twenty-four hours ECG permits serial evaluation which may reveal QTc prolongation and associated ST-T morphological abnormalities over time. Exercise testing may enhance diagnostic accuracy because shortening of the QT interval during effort is inadequate and/or repolarization abnormalities may become more prominent and recognizable after exercise in patients with LQTS. The ECG response to exercise may vary according to LQTS genotype: in general, the QTc prolongs in LQT1, remains unchanged in LQT2, and shortens excessively in LQT3 patients; however, exceptions do exist. 94 Reversal to a normal QTc interval after deconditioning may help in differentiating the adaptive variations of the QT value, which may occur with intense physical training because of neuro-hormonal and structural changes, from LQTS. 93 The athlete with suspected LQTS should be referred to a specialist for diagnostic evaluation which may include mutation analysis.
Short-QT interval
There is debate over what constitutes a short-QT interval and the lower limit of normal changes with age. Values of 330 ms (310 ms in children) for the QT and between 360 and 380 ms for the QTc have been proposed: QT or QTc intervals below these values can therefore be considered abnormally short. 101 For the correct determination of the QT interval, the heart rate should preferably be less than 80 b.p.m. Short-QT syndrome is an inheritable ion-channel disease that is characterized by an abnormally short cardiac repolarization predisposing to life-threatening ventricular arrhythmias. 101, 102 QT interval in symptomatic index patients has been reported to be consistently 320 ms (QTc 340 ms). In addition to the abnormally short-QT interval, individuals with SQTS have associated ventricular repolarization abnormalities including a short or even absent ST-segment and morphologically abnormal T-waves that are tall, narrow, and symmetrical in the precordial leads. Short-QT syndrome has been linked to defective genes encoding potassium channels (KCNH2, KCNQ1, KCNJ2) or L-type calcium channel (CACNA1C and CACNB2b). 101 -103 Shortening of repolarization accounts for short myocardial refractoriness which predisposes to atrial or ventricular fibrillation in the absence of structural heart disease.
Recommendation
After identification of an abnormally short-QTc interval in an athlete (QTc ,380 ms), causes of transient QT shortening, such as hypercalcaemia, hyperkalemia, hyperthermia, acidosis, and some drugs (e.g. digitalis), must be ruled out. It has been recently reported that a QTc interval 380 ms in strength trained athletes may be a marker of abuse of anabolic androgenic steroids. 104 In the absence of acquired causes of short-QT interval, the athlete should be referred for familial ECG-clinical screening and molecular genetic evaluation.
Brugada-like electrocardiogram abnormalities
The distinctive Brugada ECG consists of an early, high take-off (2 mm), and downsloping ST-segment elevation ('J-wave') of either the 'coved' (negative T-wave) or 'saddle-back' (positive T-wave) type in V1-V2/V3 (Figures 1 and 7) . The Brugada syndrome is characterized by the typical ECG abnormalities and the increased vulnerability to ventricular fibrillation and SCD, in the absence of clinical evidence of structural heart disease. 105, 106 In about one-fourth of cases, the syndrome has been linked to a genetic dysfunction of cardiac sodium channels due to a mutation in the SCN5A gene. Three different types of repolarization abnormalities have been described, of which only the most prominent form (Type 1) is diagnostic 105 ( Figure 7) . Provocation by class-1 anti-arrhythmic drugs (flecainide or ajmaline) may be used to unmask the diagnostic Type 1 ('coved' type) Brugada ECG in individuals with Type 2 and 3 patterns ('saddle-back' type) ( Figure 1 ). An S1, S2, S3 pattern, which may mimic a left anterior hemiblock, is frequently associated with the Brugada repolarization abnormalities and most likely reflects a concomitant intraventricular conduction defect localized to the right ventricular outflow tract due to the disease involvement of the peripheral fascicles of the right bundle branch distributing to the RV infundibum. 107 Dynamic ECG changes over time are common and may lead to a transient, complete normalization of the ECG. A febrile state, electrolyte disturbances or manoeuvres/circumstances associated with an increased vagal tone have been reported to enhance the ST-segment elevation/J-wave and trigger rapid polymorphic ventricular tachycardia and/or cardiac arrest with ventricular fibrillation. 108 Although in Brugada syndrome SCD is typically unrelated to physical exercise, the increased vagal tone which develops as a consequence of the sustained athletic conditioning may enhance the propensity to die suddenly at rest, mostly just after exercise performance as a result of the increased vagal tone rebound. In addition, hyperthermia and/or hypokaliemia which often occur during strenuous exercise might act as potential triggers of lifethreatening ventricular arrhythmias in affected athletes. 53 
Recommendation
Analysis of the ST-T waveform usually permits differential diagnosis between a Brugada ECG and right precordial early repolarization seen in athlete's heart. Athletes exhibit an upsloping ST-segment with a mean ST J /ST 80 ratio 1, whereas Brugada patients show a downsloping ST-segment with a ST J /ST 80 ratio .1 (Figure 8 ).
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The athlete with a suspected Brugada ECG should be referred to a cardiologist/electrophysiologist for further clinical work-up, including a pharmacological test with sodium channel blocking (Figure 1 ), risk stratification, and familial evaluation.
Implications for pre-participation screening
Previous consensus has been that ECG may be abnormal in up to 50% of athletes, which is the main criticism for the widespread use of ECG as part of pre-participation screening. Defining what ECG changes are physiological (common and training-related ECG abnormalities) and what are pathological (uncommon and training-unrelated ECG abnormalities) is expected to lower the traditional high number of false-positives, thus reducing unnecessary investigations. To approximate the impact of the new approach to ECG interpretation in the athlete, the proposed criteria were applied to the 1005 ECGs of highly trained athletes previously reported by Pelliccia et al. 24 In the original study, the ECGs were classified into three subgroups, as distinctly abnormal, mildly abnormal, and normal (or with minor alterations). Abnormal ECG was identified in 402 athletes (40%): distinctly abnormal in 145, and mildly abnormal in 257. In the remaining 603 athletes (60%), ECGs were normal or exhibited only minor alterations, Figure 9 Flow diagram illustrating screening work-up according to the proposed criteria for ECG interpretation in trained athletes. The initial cardiovascular protocol includes family and personal history, physical examination (with determination of blood pressure), and basal 12-lead ECG. Additional tests are requested only for athletes who have a positive family history of cardiac disease/premature sudden death, relevant symptoms, abnormal physical findings, or Group 2 ECG abnormalities. In athletes with a negative familial/personal history and a normal physical examination, the finding of ECG changes due to cardiac adaptation to physical exertion (Group 1) should allow participation in competitive sport activity without additional investigations. Athletes diagnosed with clinically relevant cardiovascular abnormalities are managed according to available guidelines for assessing athletic risk. In athletes with Group 2 ECG abnormalities, in the absence of other evidence of cardiovascular disease, it is important to exclude incomplete disease expression of inherited cardiac conditions, such as HCM, ARVC, or ion-channel diseases. Group 1 and Group 2 ECG abnormalities are reported in Table 1 . EMB, endomyocardial biopsy; EPS, electrophysiologic study; MRI, magnetic resonance imaging.
which were deemed typical of the athlete's heart. Of the 402 athletes with ECG abnormalities previously classified as abnormal and suggestive of cardiac disease, 292 (70%) exhibited either an isolated increase of QRS voltages (233 athletes) or an early repolarization pattern (59 athletes), which were re-classified according to the new criteria as 'physiological' (common and training-related) ECG changes. The other 110 (11%) athlete's ECGs previously classified as abnormal because of repolarization abnormalities, intraventricular conduction defects, pathological Q-waves, and WPW pattern, remained 'pathological' (uncommon and training-unrelated) based on the new criteria. Thus, the effect of the use of the proposed criteria is to substantially increase the ECG specificity (by 70%), primarily in the important group of athletes who exhibit pure voltage criteria for LV hypertrophy and early repolarization abnormalities, but with the important requisite of maintaining sensitivity for detection (or suspicion) of cardiovascular diseases at risk of SCD during sports.
Conclusions
The present position paper provides a modern approach to correct interpretation of the athlete's ECG. The main objective was to offer clues for distinction between physiological, training-related ECG patterns, and potentially pathological, training-unrelated ECG abnormalities. This approach has important implications for the cardiovascular management of the athlete, including pre-participation screening, clinical diagnosis, and risk stratification. According to the proposed criteria/recommendation, further diagnostic evaluation is limited to the small subset of athletes with uncommon and not sports-related ECG changes, which may reflect a potentially lethal heart disease. On the contrary, ECG changes due to cardiac adaptation to physical exertion, commonly observed in the trained athletes, should provide reassurance to continue to participate in competitive sports without additional investigations, in the absence of symptoms or a family history of cardiac disease/premature SCD ( Figure 9 ). The use of these updated ECG criteria is expected to improve ECG accuracy in the evaluation of trained athletes, with a lower proportion of total positive and false-positive rates results, and lead to a considerable cost savings in the context of a pre-participation screening process. The future for prevention of SCD in the athlete by large-scale ECG screening program lies in continuing efforts to better understand the scientific basis for ECG interpretation and to define standards of ECG criteria for differentiation between athlete's heart and true heart diseases. Further studies are needed to test the accuracy, utility, and cost-effectiveness of the present ECG criteria in relation to gender, age, ethnicity, and different level of training and/or type of sports.
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